Neurobehavioral effects of transportation noise in primary schoolchildren: a cross-sectional study. by van Kempen, E et al.
Neurobehavioral effects of transportation noise in primary schoolchildren:
a cross-sectional study.
van Kempen, E; van Kamp, I; Lebret, E; Lammers, J; Emmen, H; Stansfeld, S
 
 
 
 
 
© van Kempen et al; licensee BioMed Central Ltd. 2010
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
 
 
For additional information about this publication click this link.
http://qmro.qmul.ac.uk/xmlui/handle/123456789/16234
 
 
 
Information about this research object was correct at the time of download; we occasionally
make corrections to records, please therefore check the published record when citing. For
more information contact scholarlycommunications@qmul.ac.uk
van Kempen et al. Environmental Health 2010, 9:25
http://www.ehjournal.net/content/9/1/25
Open AccessR E S E A R C H
© 2010 van Kempen et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.
ResearchNeurobehavioral effects of transportation noise in 
primary schoolchildren: a cross-sectional study
Elise van Kempen*†1, Irene van Kamp†1, Erik Lebret†1, Jan Lammers†2, Harry Emmen†2 and Stephen Stansfeld†3
Abstract
Background: Due to shortcomings in the design, no source-specific exposure-effect relations are as yet available 
describing the effects of noise on children's cognitive performance. This paper reports on a study investigating the 
effects of aircraft and road traffic noise exposure on the cognitive performance of primary schoolchildren in both the 
home and the school setting.
Methods: Participants were 553 children (age 9-11 years) attending 24 primary schools around Schiphol Amsterdam 
Airport. Cognitive performance was measured by the Neurobehavioral Evaluation System (NES), and a set of paper-
and-pencil tests. Multilevel regression analyses were applied to estimate the association between noise exposure and 
cognitive performance, accounting for demographic and school related confounders.
Results: Effects of school noise exposure were observed in the more difficult parts of the Switching Attention Test 
(SAT): children attending schools with higher road or aircraft noise levels made significantly more errors. The 
correlational pattern and factor structure of the data indicate that the coherence between the neurobehavioral tests 
and paper-and-pencil tests is high.
Conclusions: Based on this study and previous scientific literature it can be concluded that performance on simple 
tasks is less susceptible to the effects of noise than performance on more complex tasks.
Background
Transportation is an activity that is responsible for a large
and growing proportion of environment and health
effects in Europe. Noise is generally perceived as one of
the problems associated with transportation. It has been
estimated that approximately 20 percent of the European
Union's population is exposed to road traffic noise at lev-
els exceeding 65 dB(A) during daytime; more than 30 per-
cent is exposed to levels exceeding 55 dB(A) during night-
time [1]. Despite numerous measures in the field of noise
abatement at European, national and local levels, the
noise-level has not decreased. Without additional mea-
sures, more people will be exposed to higher sound levels
in future decades [2]. Since noise is one of the environ-
mental stressors purported to have adverse effects on
human health and well-being [3], the noise-related dis-
ease burden is expected to rise [4].
This paper focuses on the effects of noise on primary
schoolchildren. Children are suspected of being more
susceptible to noise exposure for a number of reasons:
since they spend their time at other settings and because
they behave differently, children's exposure can differ
from adults' exposure; children often cannot escape from
exposure, where adults can; and children have not (fully)
developed coping mechanisms and cannot always change
their situation, whereas adults may have the power and/
or resources to do so. These factors combine to generate
or trigger a wide range of negative effects [5,6].
Among children, the effects of noise exposure on cog-
nitive functioning were studied the most. During the last
30 years, a number of studies have investigated the effects
of long-term exposure to air-, rail-, and road traffic noise
among primary schoolchildren. Cognitive effects were
found on reading, attention, problem solving and mem-
ory [7-23]. At the moment there is no theory that can
adequately account for the circumstances in which noise
will affect children's cognitive performance. In the litera-
ture, several mechanisms have been reported: e.g. the dis-
turbance of the intelligibility of speech (irrelevant sound
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effect), the allocation of attention and the 'tuning-out'
hypothesis. Because most of these mechanisms have in
common that they are important for child's language
acquisition, they are suspected to play a role especially in
relation to the effects on reading [7,12,24].
From the observational studies that have investigated
the effects of long-term transportation noise exposure on
the cognitive functioning of primary schoolchildren (see
also Additional file 1, table S1), several methodological
problems emerge: firstly, these studies were usually
focused on school noise exposure. However, time-activity
studies show that children spend a large part of their time
at home, sleeping [25,26]. From the literature, it is known
that a person's sleep is important for learning and mem-
ory [27]. As a consequence it is hypothesized that the
noise-related effects found in children might also be the
consequence of a decrease in sleep quality, caused by
night exposure at home during the night. Secondly, most
of these studies have involved between-group compari-
sons. It is recognized that the results of these studies
might be biased due to possible exposure misclassifica-
tion [28]. Thirdly, it appeared that there was a lot of
diversity among the cognitive tests used in these studies.
Comparison shows that the same concepts were not
always measured. For example, while some studies mea-
sure more technical aspects of reading (e.g. spelling and
grammar) [14-16], others measure aspects of reading
comprehension [17-19]. Alternatively, when administer-
ing the same reading test in different countries, cultural
differences might affect the outcome. In addition, it is dif-
ficult to select appropriate tests that are sensitive to the
effects of noise at specific stages of development, because
of the many developmental stages through which chil-
dren progress [29].
Since reliance upon insensitive developmental out-
comes may cause underestimation of the effect of noise
[30], it would be interesting to investigate the effects of
noise on cognitive performance by means of computer-
ized neurobehavioral tests that evaluate different aspects
of central nervous system functioning in comparison
with commonly used paper-and-pencil tests for reading,
memory and attention. By measuring a range of neurobe-
havioral parameters by computerized performance tests,
we build on work from the past: within the framework of
the Health Impact Assessment Schiphol Airport, the fea-
sibility of a selection of neurobehavioral tests from the
Neurobehavioral Evaluation System (NES) used to inves-
tigate the effects of community noise in the school envi-
ronment was tested and demonstrated. The NES, a
computerized test battery, is originally developed by
Baker and Letz (1986) [31] to facilitate the conduct of epi-
demiologic studies of populations at risk for or suffering
from central nervous system dysfunction due to environ-
mental agents [32]. The test battery is designed to assess
attention, memory, learning, perceptual coding and psy-
chomotor performance [30]. The NES was developed for
adults but later adapted for use in children [33]. The fea-
sibility study involved 159 children aged 8-12 yrs. The
results of the study indicated a high level of acceptance of
computerized test procedures by the children, teachers
and parents and a high test-retest reliability for most tests
(Pearson's r > 0.70) [30].
The primary goal of this paper was to investigate the
possible relation between aircraft and road traffic noise
exposure and cognitive performance in primary school-
children in both the home and the school setting. Since
we wanted to expand the traditional paper-and-pencil
tests, cognitive performance was operationalized by
means of a selection of neurobehavioral tests from the
Neurobehavioral Evaluation System (NES). Since less is
known about the external validity of the NES towards
paper-and-pencil tests that are more commonly used in
studies investigating the effects of community noise on
cognition, our secondary goal was to study the coherence
between both type of test batteries, and to find out the
added value of NES tests. The correlational pattern and
factor-structure might indicate how the NES comple-
ments such paper-and-pencil tests.
For our analyses we acquired data from a Dutch sub-
sample of schoolchildren living around Schiphol Amster-
dam Airport that were gathered during the European 5th
Framework project RANCH (Road traffic and Aircraft
Noise exposure and children's Cognition and Health). As
part of RANCH, a cross-sectional study investigating the
effects of aircraft and road traffic noise on the cognitive
functioning, annoyance, and health of children attending
primary schools around three airports in the United
Kingdom, Spain and The Netherlands was carried out [6].
Methods
Selection and recruitment
Participants were 553 primary schoolchildren that were
recruited from 620 children of 24 primary schools in
three Municipal Health Office areas around Schiphol
Amsterdam Airport (see also figure 1). The schools were
selected according to the modelled aircraft and road traf-
fic noise exposure levels of the school area, and were
matched on a neighbourhood-level indicator of property
value and the percentage of non-western foreigners.
Schools for children with special needs were excluded
(see also [6,34]).
From the parents written consent was obtained for
their children to take part in our study. Ethical approval
was given by the Medical Ethics Committee of The Neth-
erlands Organisation for Applied Scientific Research,
Leiden.
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Noise exposure assessment
Noise exposure was assessed for each child by linking the
school and home addresses to modelled aircraft and road
traffic noise levels. The noise levels were calculated, in
accordance with a standardized noise protocol, which
provided a procedure for determining outdoor noise
exposure. Modelled aircraft noise levels (expressed in
LAeq 7-23 hrs) with a resolution of 250 × 250 meter grids
were obtained from nationally available noise contours
from the Dutch National Aerospace Laboratory (NLR)
for the year 2001. These predicted the average noise
exposure from 7 to 23 hrs for a period of one year. Road
traffic noise levels (expressed in LAeq 7-23 hrs) were esti-
mated from modelled composite data from 2000 and
2001, with a resolution of 25 × 25 meter grids using
national standard methods [35].
Cognitive performance
Methods used to assess cognitive functioning included
selected tests from the NES and a set of paper-and-pencil
tests.
Neurobehavioral Evaluation System
The NES was administered in groups of eight children in
a quiet room in school with the help of a personal com-
puter and additional hardware (joystick/push button).
The duration of the test was approximately 30 minutes.
Several studies have provided data supporting the instru-
ment's adequate psychometric properties. Evidence that
the NES shows an acceptable level of reliability comes
from test-retest correlations in the range 0.6 to 0.9
obtained under both laboratory and field conditions
[32,33,36]. The following tests were included in the NES
(see also Figure 2):
Simple Reaction Time Test (SRTT)
in the Simple Reaction Time Test (SRTT) the subject was
asked to press a button as quickly as possible when a red
square appeared on the screen. The inter-trial interval
(2.5 - 5.0 sec) varied randomly to reduce effects of stimu-
lus adaptation. Individual reaction times (in ms) were
recorded.
Switching Attention Test (SAT)
the Switching Attention Test (SAT) was meant to test the
ability of the subject to switch rapidly between responses
to simple two-choice visual discriminations based on
changing verbal cues. The SAT included a series of pro-
gressively challenging tasks. In the first testing condition
("Block") the subject was asked to respond to each of a
series of large rectangles (which appeared on one side of
the screen) presented in succession on the screen. The
subject had to press the button on the corresponding side
of the push button box as quickly as possible. In the sec-
ond testing condition ("Arrow") the subject was asked to
respond to a large arrow presented in the middle of the
screen that pointed either to the left or to the right by
pressing the left or right button on the button box as
quickly as possible. During the final, most complex por-
tion of the SAT ("Switch") the word "Side" or "Direction"
appeared immediately before each stimulus. The stimulus
was an arrow pointing either to the left or to the right,
presented on either the left or right side of the screen.
The subject was asked to respond to each stimulus on the
basis of response criterion signified by the word pre-
sented immediately before it on each trial. The response
latency and the number of switching errors were
recorded.
Figure 2 Cognitive test batteries applied.
Figure 1 Flowchart indicating the completeness of response and 
loss of information for the participating children.
Invited
620
Permission
568
No permission
52
Completed NES
553
Did not complete NES
15
Questionnaire returned
485
No questionnaire returned
68
Complete data
433
Data not complete
52
Included into
analysis
Completed
paper-and-pencil
498
Included into
analysis
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Hand -Eye-Coordination Test (HECT)
in the Hand-Eye Coordination Test (HECT) the subject
was asked to use a joystick to trace over a sine wave/saw
tooth pattern on the computer screen. A cursor moved
horizontally at a constant velocity, while the subject con-
trolled the vertical motion of the cursor with the joystick.
Deviations from the line were recorded and constituted a
measure of co-ordination ability. Per trial, the vertical dis-
tance (pixels) of the cursor from the setline was sampled.
Symbol-Digit Substitution Test (SDST)
the Symbol-Digit Substitution Test (SDST) was a test of
perceptual coding and attention. In the SDST nine sym-
bols and nine digits were paired at the top of the screen.
The subject had to press the digit keys corresponding to a
test set of the nine symbols scrambled. Test measure was
the time required to complete each set divided by the
number of correct responses.
Digit Memory Span Test
in the Digit Memory Span Test (DMST) subjects had to
enter into the computer progressively longer series of dig-
its following visual presentation at a rate of one per sec-
ond by the computer. After incorrectly responding to two
trials at span length, the task changed such that the indi-
viduals had to enter a new digit series in reverse order.
Performance was scored as the mean sequence length
memorized over trials.
Paper-and-pencil tests
The paper-and-pencil tests were administered on a sepa-
rate day, during a three hour testing session under exam
conditions [6]. The following paper-and-pencil tests were
administered (see also Figure 2): reading comprehension
was measured by the CRIE-test [37], which is a nationally
standardized and normed test. In association with this
test, prospective memory was measured by asking the
children to write their initials in the margin when they
reached two predefined points in the reading compre-
hension test. Episodic memory (recognition and recall)
was assessed by a task adapted from the Child Memory
Scale [38]. This task assessed time delayed cued recall
and delayed recognition of two stories presented on a
compact disc. Working memory was tested using a modi-
fied version of the Search and Memory test [39,40]. Sus-
tained attention was measured using the Toulouse Pieron
Test [41]. A more detailed description of the development
and administration of the paper-and-pencil tests in
RANCH can be found in Stansfeld et al (2005) [6]. Details
with regard to the reliability and validity of these tests can
be found in [37,41,42].
Child and parent questionnaire
During the paper-and-pencil testing session, the children
were also given a questionnaire that included questions
on perceived health, perceptions of noise, annoyance, and
parental support. Furthermore, the children were given a
questionnaire to take home for their caregiver (preferably
the mother) to complete. This questionnaire requested
information on the health and behaviour of the child,
noise sources heard at home, annoyance, and potential
confounding factors such as glazing of the child's home,
length of residency, indicators for socio-economic status,
country of birth and the main language spoken at home.
These variables were only available for those children
whose parents also completed the questionnaire (N =
485), so parent participation served as a selection crite-
rion for inclusion in analysis. Before data-collection, all
procedures and materials were tested in a pilot study in
October 2001.
Statistical analysis
In order to investigate the reliability and the dimensional-
ity of the cognitive tests a principal component analysis
(PCA) was carried out on the scores of both the NES and
the paper-and-pencil tests using SPSS for Windows (ver-
sion 12.0.1). Only components that accounted for vari-
ances with Eigenvalues greater than 1 were included in
this paper. To make the components more interpretable, a
rotation with the Varimax method was performed result-
ing in components that are uncorrelated. However, in the
social sciences we generally expect some correlation
among factors, since behaviour is rarely partitioned into
neatly packaged units that function independently of one
another. As kind of sensitivity analysis an oblique rotation
(with Delta = 0) was performed in addition to Varimax
rotation, assuming that the resulting components may be
correlated [43]. Cronbach's alphas were calculated, to test
how reliable the components were in terms of internal
consistency. Only children that completed both the com-
puterized and paper-and-pencil tests were included in
this part of the analysis (N = 498).
To investigate the impact of aircraft and road traffic
noise on cognitive performance (operationalized by the
NES), multi-level analyses were carried out using the
MIXED procedure of SAS version 9.1. Multilevel model-
ling takes into account the hierarchical structure of the
data (children grouped within schools) and enables
effects at both the level of school and pupil to be included
in the same model. Two-level (pupil and school) random
intercept models were used. Coefficients (B) and stan-
dard errors (SE) were estimated under restricted maxi-
mum likelihood estimation (REML). Only children with
complete data (N = 433) were included into the analysis.
In all models, aircraft or road traffic noise exposure (at
school or at home) was the main independent variable
and was included as a continuous variable. The models
included age (yrs), gender, main language spoken at home
(Dutch/non-Dutch), long standing illness (based on
parental reports of the child having either ADHD,
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asthma/bronchitis, eczema, epilepsy, depression, diabetes
or dyslexia), parental support for school work (assessed
by a self-report scale in the children's questionnaire),
school glazing (single, double or triple), indicators for
socio-economic status (crowding, home ownership,
parental employment and mother's education), and the
other noise source as potential confounders. Statistical
significance of a coefficient was tested under full maxi-
mum likelihood (ML) estimation, using a Chi-square test
of deviance. Further analyses were conducted, excluding
children whose parents have reported that they suffered
from ADHD and/or dyslexia.
Results
Table 1 presents some general characteristics of the par-
ticipating children whose parents completed a question-
naires, as well as some features of the primary schools
they attend (n = 24). The average age of the children was
10 years and 6 months. Almost 49% of the sample was
female and in more than 93% of the families, Dutch was
the main language spoken at home. Table 2 presents the
mean scores and standard deviations of the outcomes of
the NES. In this table, outcomes from the feasibility
study, conducted in 1997 [30] are also included. Compar-
ison showed that the differences between the two sam-
ples fall within the range of the 95% confidence intervals.
The aircraft noise levels (LAeq, 7-23 hrs) to which the chil-
dren were exposed at school ranged from 36 to 63 dB(A);
aircraft noise levels at home ranged from 34 to 63 dB(A).
Aircraft noise levels were comparable with road traffic
noise levels. High correlations between home and school
aircraft noise levels (LAeq, 7-23 hrs) were found (r > 0.9). The
correlation between home and school road traffic noise
levels was moderate (r ~ 0.6).
Principal Component Analysis on the two cognitive test
batteries with Varimax yielded factor components with
Eigenvalues greater than 1 (see also Table 3). The total
percentage of variance explained by these components is
52.7%. Items of recognition, information and conceptual
recall loaded highly on the first component, whereas sim-
ple reaction time and the three reaction time parameters
of the switching attention test loaded highly on the sec-
ond component. The items referring to the error condi-
tions of the switching attention test loaded highly on the
third component, and working memory and sustained
attention loaded highly on the fourth component. The
oblique rotation resulted in the same grouping of vari-
ables as the Varimax rotation and did not affect the inter-
pretation of the components.
Figure 3 shows the fully adjusted associations between
aircraft noise exposure at school and at home and the dif-
ferent scores of the NES tests. In order to be able to pres-
ent the outcomes of the multilevel analyses in one figure,
z-scores were computed. The results of the multilevel
Table 1: Characteristics of the children that completed the NES 
and whose parents returned their questionnaire (n = 485) and the 
schools they visit (n = 24).
% Mean +/- Std Range
Age (yrs) 10.5 +/- 0.6 8.8 - 12.8
% girls 48.8
Socio-economic status
% employeda) 91.9
% crowdedb) 32.9
% homeowners 81.4
Mother's education 
(index 0-1)c)
0.5 +/- 0.3 0.0 - 1.0
% longstanding illnessd) 27.7
% ADHD 1.9
% dyslexia 3.5
% main language at home is 
Dutch
93.4
Parental support 
(scale 1-12)e)
8.6 +/- 1.9 3 - 12
Glazing
% Single glazing at school 47.8
% Double glazing at school 49.5
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analysis show a statistically significant relation between
aircraft noise exposure at school and the number of
errors for the Switch condition of the SAT (χ2 = 4.7, df =
1, p = 0.03): an increase of 0.96 (95%CI = 0.04 - 1.89)
errors was found as aircraft noise exposure increased 10
dB(A) (see also Additional file 2, Table S2). Potential con-
founders that had a significant effect on the score of the
SAT were parental support (children who received more
parental support made more errors in the block condi-
tion), gender (boys made more errors in the arrow condi-
tion), mother's education (children of parents with a
lower level of education made more errors in the switch-
ing condition), and main language spoken at home (chil-
dren whose main language at home was Dutch, made less
errors during the switching condition). Apart from the
association found on the switch condition of the SAT,
none of the cognitive outcomes measured by the NES
were related to aircraft noise exposure at school. None of
the cognitive outcomes measured by the NES were
related to aircraft noise exposure at home. The effects of
aircraft noise exposure did not change after exclusion of
children suffering from ADHD and/or dyslexia.
Figure 4 shows the fully adjusted associations between
road traffic noise exposure at school and at home and the
different scores of the NES tests. Only the relation
between road traffic noise at school and the number of
errors during the arrow-condition of the SAT was statisti-
cally significant (χ2 = 8.2, df = 1, p = 0.004). A 10 dB(A)
increase in road traffic noise at school resulted in an
increase of 0.27 (95%CI = 0.08 - 0.46) errors (see also
additional file 2, Table S2). None of the cognitive out-
comes measured by the NES were related to road traffic
noise exposure at home.
Discussion
In this study investigating the neurobehavioral effects of
road traffic and aircraft noise exposure in 553 primary
schoolchildren living around Schiphol Amsterdam Air-
port, effects of school noise exposure were observed in
the more difficult parts of the SAT: children attending
schools with higher road or aircraft noise levels made
more errors. This is in agreement with the results of
recent other studies investigating the effects of transpor-
tation noise exposure at school on children's cognitive
functioning. In the Munich Airport Study, Evans and col-
leagues (1995) found that children from noise exposed
communities had more errors on a difficult subscale of
German standardized reading test than children from
quiet communities; the two groups did not differ on the
easy and intermediate portions of the test [14]. Meis and
colleagues (1998) found similar adverse impacts on more
complex memory tasks after comparing simulated and
actual aircraft noise exposure in the lab and in the field
[44]. In the West London Schools Study no significant
difference on the score of the reading comprehension test
was found between children in the noise and quiet
groups. However, when the 15 most difficult items of the
reading test were analyzed separately, a significant differ-
ence was found between the two noise exposure condi-
tions [45]. From this study and previous scientific
literature [46] it can be concluded that performance on
simple tasks is less susceptible to the effects of noise than
performance on more complex tasks, requesting
increased mental performance. Since the NES was not
administered in other studies investigating the effects of
transportation noise exposure on children, a direct com-
parison was not possible. However, because of their con-
sistency with the results of other studies investigating the
% Triple glazing at school 2.7
% Double glazing at home 55.6
Noise exposure (LAeq, 7-23 hr) in dB(A)
Aircraft noise at school 48.6 +/- 7.1f) 36.3 - 62.8
Aircraft noise at home 48.1 +/- 7.1f) 34.5 - 63.4
Road traffic noise at school 48.7 +/- 8.6f) 34.0 - 62.0
Road traffic noise at home 50.2 +/- 7.3f) 28.0 - 67.0
a) measure of the highest employment status in the child's 
household. At least one of the parents has to do paid work for at least 
19 hrs per week.; b) This is an objective measure of the number of 
people per room at home. If the number of people is smaller/equal to 
the number of rooms than the child's household is defined as 
crowded; c) Mother's education was measured using a ranked index 
of standard qualifications. A relative index was then calculated for 
this variable in order to make comparisons between different 
measures in each country. The index ranges from 0 to 1, with higher 
number indicating low educational attainment; d) based on parental 
reports of the child having either attention deficit hyperactivity 
disorder (ADHD), asthma/bronchitis, eczema, epilepsy, depression, 
diabetes or dyslexia; e) parental support for school work is assessed 
by a self-report scale in the children's questionnaire This ordinal scale 
(alpha = 0.65) was constructed by means of the following items: "If I 
have a problem at school my parents/carers are ready to help." "My 
parents/carers are willing to come to school and talk to teachers", and 
"My parents/carers encourage me to do well at school". Answers were 
indicated on a 4-point category scale ("Never, sometimes, often, 
always"). The score on each of the items was summed up (possible 
score 3-12); f) presented are the arithmetic mean and corresponding 
standard deviation; Abbreviations: Std = Standard Deviation.
Table 1: Characteristics of the children that completed the NES 
and whose parents returned their questionnaire (n = 485) and the 
schools they visit (n = 24). (Continued)
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effects of transportation noise on the more complex and
difficult parts of cognitive tests, the results point to the
conclusion that exposure to aircraft noise exposure
impairs children's performance mainly on the difficult
tasks.
By combining the NES with paper-and-pencil tests we
were able to investigate the external validity of the NES.
Compared to the paper-and-pencil tests, the coherence
between the different NES tests was relatively high: two
interpretable components could be derived. This sup-
ports the structure of the association between the sepa-
rate NES-tests. From our results it can be concluded that
the tests of the NES can complement the paper-and-pen-
cil tests when investigating the effects of noise on chil-
dren's cognitive functioning: in addition to the paper-
and-pencil tests, the tests of the NES measure some dif-
ferent aspects of attention: Response speed and the ability
to switch between responses.
From the literature it is known that computer-adminis-
tered testing such as the NES, offers some advantages in
comparison with paper-and-pencil testing: (i) NES is a
standardized method that gives more test-leader inde-
pendent results reducing observer bias; (ii) data collec-
tion by means of the NES is highly efficient: Both the
administration, data handling and reporting of results are
easy; (iii) in comparison with paper-and-pencil tests, the
Table 2: Mean scores and variability parameters of the different NES tests for the children whose parents returned their questionnaire 
(n = 485) in comparison with the results of other studies.
Domain Test/condition RANCH Emmen [29]
Mean +/- Std Min Max Median Mean +/- Std
Attention Simple Reaction Time
Latency (ms) 357 +/- 51 256 572 350 303 +/- 57
Switching Attention
Errors "block" (#) 0.87 +/- 1.02 0 5 1 1 +/- 1.25
Reaction time "block" (ms) 401 +/- 79 244 685 391 377 +/- 104
Errors "arrow" (#) 1.71 +/- 1.59 0 8 1 1.25 +/- 1.36
Reaction time "arrow" (ms) 557 +/- 108 245 949 546 499 +/- 95
Errors "switch" (#) 10.52 +/- 5.70 0 27 10 10.11 +/- 5.89
Reaction time "switch" (ms) 693 +/- 147 247 1075 700 794 +/- 203
Locomotion Hand Eye Coordination
Deviation from sinus pattern (pixels) 1.76 +/- 0.43 0.77 3.13 1.77 1.97 +/- 0.32
Perceptual Coding Symbol Digit Substitution
Latency (sec) 3.31 +/- 0.56 2.11 5.95 3.23 3.28 +/- 0.71
Memory Digit Memory Span
Mean span-length forwards 4.78 +-/0.63 3.30 7.60 4.70 4.9 +/- 0.7
Abbreviations: ms = millisecond, # = number, sec = seconds, Std = Standard deviation, Min = minimum, Max = Maximum
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Table 3: Factor loading matrix (n = 498)*.
Test battery Item Factor I Factor II Factor III Factor IV
NES SRTT 0.743
Block_RT 0.764
Arrow_RT 0.769
Switch_RT 0.618
Block_f 0.631
Arrow_f 0.757
Switch_f 0.632
SDST 0.369
DMST_f 0.492
HECT 0.538
PP Conceptual recall 0.922
Information recall 0.918
Recognition 0.675
CRIE 0.458
Working memory 0.682
Sustained attention 0.608
Prospective memory 0.469
Factor Interpretation Variance
explained
Alpha**
I Response speed and locomotion 20.3 0.76
II Episodic memory and reading comprehension 15.1 0.77
III Ability to switch and perceptual coding 10.8 0.58
IV Memory and attention 6.5 0.42
Total 52.7
* Per item only the highest loadings were presented; ** Cronbach's alpha (standardized), based on the items given in the factor loading matrix; 
this is a function of the item-inter-correlation and of the number of items included in the scale. Abbreviations: NES = Neurobehavioral Evaluation 
System; PP = Paper- and-pencil test.
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presentation of the test material is more consistent and
responses are exactly timed; and (iv) furthermore, the
computerized performance tests were well-accepted by
the children; the game character of the tests usually stim-
ulates motivation [32,47]. Computer-administered test-
ing techniques also offer some disadvantages which
might affect the test outcome: examinees may become
frustrated because they cannot backtrack during com-
puter testing. In addition, there is increased attention
focused on individual items when they are presented sin-
gly during computer testing. Unfortunately, we were not
able to test whether and how this has affected our out-
comes.
Our study found an effect of noise exposure at school
on the SAT, measuring the ability to switch between
responses. No effects of home noise exposure were
found. It is possible that exposure at school or home dif-
ferently affected the outcomes of the switching attention
test. In addition, it is possible that exposure to noise at
home may have affected the outcomes of the tests by
interacting with exposure at school. Such effects were
already found in relation to annoyance where analyses
indicated a carryover effect: children in high aircraft
noise areas report more annoyance from aircraft noise in
high road traffic noise areas than children in low road
traffic noise areas and vice versa [48]. Unfortunately,
these hypotheses can not be further investigated on the
data available in the RANCH study, because of the sub-
stantial co-linearity between school and home noise
exposure. And since the main objective of RANCH was
to investigate the effects of noise exposure at school on
children's cognition, noise exposure at home was not
Figure 3 The relation between aircraft noise exposure (LAeq, 7-23 hrs) and the scores on the NES tests, adjusted for confounders. The dotted 
vertical line corresponds to no effect of aircraft noise exposure. The circles correspond to the estimated change in Z-score per 5 dB(A) increase of the 
aircraft noise level and the horizontal lines correspond to the 95% confidence interval.
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taken into account during the selection of the partici-
pants.
This study represents an improvement on previous
studies due to its comprehensive inclusion of potential
confounders and determinants. The hierarchical struc-
ture of the data (children within schools) has been taken
into account, which was not the case in analyses of previ-
ous studies. The participants were distributed over a
broad noise exposure range, and a continuous noise
exposure measure was used in the statistical analysis,
adding to the statistical power of the study. Most studies
investigating the impact of noise exposure have involved
between-group comparisons (high versus low): results of
these studies may be sensitive to exposure-misclassifica-
tion. The current study investigated the effects of both
school and home noise exposure. Due to the high correla-
tion between the noise metrics, it was not possible to dis-
entangle the effects of school and home noise exposure.
Another limitation of the study is its design and the lack
of adjustment for special educational needs other then
ADHD and dyslexia. Furthermore, the estimation of
exposure to road traffic noise remains problematic: dur-
ing their time at school, road traffic noise exposure
changes as children move to a different classroom each
year. Thus, the road traffic noise levels at the façade of
their current classroom might not reflect the average
level of exposure during their time at school. An addi-
tional problem is that road traffic noise exposure is less
uniformly distributed across classrooms as air traffic
noise. Although the NES was administered in a quiet
room in the school, it was not possible to adjust for noises
from any unexpected sources apart from aircraft and
Figure 4 The relation between road traffic noise exposure (LAeq, 7-23 hrs) and the scores on the NES tests adjusted for confounders. The dotted 
vertical line corresponds to no effect of road traffic noise exposure. The circles correspond to the estimated change in Z-score per 5 dB(A) increase of 
the road traffic noise level and the horizontal lines correspond to the 95% confidence interval.
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road traffic noise, which may have distracted the children
and affected their concentration during the test. For the
cognitive outcomes measured by the paper-and-pencil
tests it was possible to adjust for noise from unexpected
sources; after additional adjustment for these unexpected
noises, the effects of road and air traffic noise did not
change [6].
In this study statistically significant associations were
observed between noise exposure at school (LAeq, 7-23 hrs)
and the child's' ability to switch between responses: as
noise exposure levels increased, the number of errors
made during the SAT increased. Road- and aircraft noise
exposure was not associated with the other cognitive out-
comes measured. However, it is difficult to indicate what
our findings mean. The elevations in the number of
errors found in relation to noise exposure were small and
the clinical significance of such minor changes is difficult
to determine. Because the effects of noise on many differ-
ent cognitive outcomes were investigated, our findings
could be the result of chance. However, one has to keep in
mind that our findings are consistent with the literature;
we have found an effect on the NES-outcomes where we
expected to find an effect.
Due to the cross-sectional design of this study, it is
unknown whether the neurobehavioral effects of noise
are reversible if exposure to noise ceases; in the Munich
Airport study differences in reading score between the
two exposure groups disappeared after removing the dif-
ferences in noise exposure [15]. The individual tests that
are included into the NES reflect the concerted action of
many neurobehavioral mechanisms or brain systems
affected [49]. It can be concluded that in addition to cog-
nition (having to do with the ability to think and reason),
neurobehavioral components (having to do with the way
the brain affects emotion, behaviour and learning) play
also a role in the relationship with noise.
Currently, there is increasing attention for the possible
cognitive effects of air pollution [50-54]. In 2008, the first
epidemiological study investigating the effects of air pol-
lution on children's cognitive functioning was presented
[51]: the long-term concentration of black carbon parti-
cles from mobile sources was associated with decreases
in cognitive test scores among 202 primary schoolchil-
dren living in Boston. It is hypothesized that particles
move to the brain tissue where they might cause oxidative
stress and inflammatory reactions. Since children in
urban areas often are exposed to several environmental
exposures simultaneously, it is possible that the associa-
tions found in our study could also be attributed to traf-
fic-related air pollution and not to road traffic and
aircraft noise exposure; conversely, the effects found in
the studies investigating the relation between air pollu-
tion and cognitive functioning could also be attributed to
noise exposure. More research is necessary to disentangle
the effects of traffic-related air pollution and noise expo-
sure. Unfortunately, when writing this article, no data on
exposure to traffic-related air pollution for the participat-
ing children were available.
Conclusions
Based on these analyses the authors conclude that neu-
robehavioral tests can complement paper-and-pencil
tests when investigating the effects of noise on children's
cognitive functioning. PCA demonstrated that in addi-
tion to commonly used paper-and-pencil tests, neurobe-
havioral tests measure some different aspects of
attention: Response speed and the ability to switch
between responses. Effects of school noise exposure were
observed in the more difficult parts of the SAT. Based on
this study and previous scientific literature it can be con-
cluded that performance on simple tasks is less suscepti-
ble to the effects of noise than performance on more
complex tasks. It is not possible to draw definite conclu-
sions about the relative importance of noise exposure at
home and at school and possible interactions.
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